Both particle packing and particle contact parameters play important roles in determining the mechanical behavior of a discrete particle assembly. One common approach to calibrate discrete element models (DEM) of rock is to hold particle packing constant while contact parameters are changed to match observed macroscopic mechanical behavior. This often leads to non-unique material calibrations. In other words, the mechanical properties of the DEM assembly depend on the packing method. Another problem with this technique is that the parameters that describe contact interactions of particles are not directly observable in the laboratory.
Introduction
Both particle packing and particle contact parameters play important roles in determining the mechanical behavior of a discrete particle assembly. One common approach to calibrate discrete element models (DEM) of rock is to hold particle packing constant while contact parameters are changed to match observed macroscopic mechanical behavior. This often leads to non-unique material calibrations. In other words, the mechanical properties of the DEM assembly depend on the packing method. Another problem with this technique is that the parameters that describe contact interactions of particles are not directly observable in the laboratory.
An opposite approach is to suggest that since we can actually observe rock texture and packing in rocks, why not mimic this in the model and keep contact parameters constant? The best method probably lies somewhere between these two end-members as suggested by mineralogical observations (i.e. not all grains have the same mechanical properties) and textural observations (i.e. our inability to capture minute details of grain shapes) of rocks (Kranz, 1983) . In this context, the purpose of this paper is to gain an understanding of how different particle packing and textures influence the mechanical response of discrete assemblies.
One of our hypotheses is that a more physically based calibration of a material may ultimately result in a more unique set of contact parameters. We performed numerical experiments using (1) varying clusters made up of a finite number of particles to represent unique shapes, and (2) using two different assembly generation algorithms to pack them. These issues of the competing roles of particle packing and contact parameters become even more important when modeling coupled processes such as fluid flow and mechanical behavior. This is because of the obvious dependence of fluid flow on the material packing geometry.
Model Details
For this work all simulations were performed using PFC 2D in disc mode with a linear contact law. PFC 2D is a 2-dimensional discrete element model that solves the laws of motions for disc-shaped objects in a plane orthogonal to the long axis to the discs and allows them to interact with user-specified contact laws. More information about PFC 2D can be found in Potyondy (1999) and Hazzard et al. (2000) . All models were assigned the same material properties as summarized in Table 1 . These properties follow the same parameter specifications determined in our previous work that examined the sensitivity of particle contact parameters and calibrated DEM models to laboratory mechanical tests (Boutt and McPherson, 2002) . Particles in the models were bonded together in specified shapes or clusters, with higher bond strengths among contacts within the shape (intra-cluster bonds), to evaluate the influence of particle shape on material behavior. This clustering process was previously used to increase the slope of the failure envelope in discrete models McPherson, 2001 and 2002) . The 6 particle shapes (clusters) used in this study are schematically depicted in Figure 1 . All models were composed of 2580 particles in a domain that was 25.4 mm wide and 50.8 mm long. The selected size and number of particles was arbitrary. 
Methods

Particle Packing Algorithms:
We used two different techniques to build our discrete assemblies.
The first is what we call the "fill and expand" (F+E) method in which particles are inserted into the model domain at some fraction of their final size and then expanded, or their radii increased, until the final size is matched. This method has been commonly used in the literature (Hazzard, et al., 2000; Potyondy and Autio, 2001; Boutt and McPherson, 2002; ) and is an included algorithm in the PFC appended command language (Potyondy, 1999) . The process takes about ~10 minutes for 2580 particle model on a Pentium 800 MHz PC. The second technique is what we call the "depositional" method, in which particles are dropped under gravity into the model domain and then bi-laterally compacted until final model dimensions are achieved. The process of depositing the particles in this model requires much more CPU time (~1 hour) for the same size model described above. Clusters in both models were created previous to expansion or deposition. A total of 12 different builds were generated in this study comprising the 6 different clusters shapes and the two different packing algorithms. The two packing models have geologic analogs in terms of the physical processes involved.
We liken the F+E model to crystallization from a melt, while the depositional model may be likened to sedimentation of grains in a fluid. It is not the goal of this paper to justify either technique as being representative of the physical process associated with rock lithification and diagenesis, but to rather document how each influences model mechanical behavior. Initial Model Stress: All models were constrained to isotropic stress levels of 1 MPa, as calculated by summing up forces along model walls and dividing by the wall area. This constraint has significant implications for model porosity, contact forces, and particle size distribution because of the force detection scheme applied. In this scheme the amount of overlap between particles is proportional to the amount of Single Peanut L-shape Box Line Triangle force at the contact. As a result, the contact force may be increased or decreased by increasing or decreasing the particle radii at the contact. Initial stresses in the model after packing by both methods were on the order of 1 GPa. Particle radii were decreased iteratively to bring these stresses down to ~1 MPa.
Mechanical Tests: Each model build was subjected to simulated biaxial tests at confining pressures of 0, 5, 10, 20, and 40 MPa to define the failure envelope for the build. Stress, particle displacements and velocities, and bond breakages were tracked as a function of model strain. Failure strengths and elastic properties, such as Young's Modulus and Poisson's Ratio, were calculated from these data.
Results
Contact Forces: Contour plots of normal contact forces for the peanut cluster model (Figure 1 ) for the two different build schemes are presented in Figure 2 . Normal contact forces were interpolated to a grid and then contoured by magnitude with the scale as shown. The contact forces differ significantly between the two builds in terms of the spatial distribution and their overall magnitudes. The depositional model has more of a fabric of contact forces that appear to be oriented towards the depositional direction, which is parallel to the long axis of the specimen. The F+E model appears to have a more isotropic and heterogeneous distribution of contact forces. This is evidenced by the larger proportion of load supporting contacts in a matrix of less supported contacts. The F+E contact forces appear also to be more influenced by the boundaries compared with the depositional model. Geostatistical analysis of these two distributions indicates that the depositional build models have somewhat longer correlation lengths. The distribution and magnitudes of forces have an influence on the development of strain localization in the models. The style and type of localization in turn effects the magnitude of stress at which failure occurs in the sample. Builds of other cluster shapes show similar trends in contact forces. Coordination Numbers: In DEMs of rock the CN is directly correlatable to the number of bonds per particle. As illustrated in figure 2 the coordination numbers (CN) of particles of the two peanut cluster models are very different. The CNs were scaled to the maximum number in the models and a shade of gray assigned to the particle with the corresponding CN. The mean CN for the particles in the depositional model is about 5 whereas for the F+E model the mean CN is a little less than 4. The spatial distribution of CN for the two models is fairly similar. Specifically spatial correlation lengths of CN are very similar for both models even though mean values are quite different. Also, a larger mean number of bonds per particle creates a stronger material. For example, if one were trying to calibrate a F+E packed model and depositional model to the same observed data the bond strengths in the F+E model must be assigned a much larger value than those in the depositional model to compensate for the smaller CN. This correlation between strength and CN has a significant effect on simulated biaxial tests. Biaxial Tests: Plots of failure strength versus confining stress are presented in Figure  3a for the single, peanut, L-shape, and box clusters for the two different build schemes. A significant disparity in terms of failure strength exists between the two builds. All of the depositional models are much stronger than the F+E models. In the depositional models the single cluster is the weakest and the box cluster is the strongest. This is consistent with the number of high strength bonds within the cluster. The F+E models are similar except that the box shaped model is the weakest, even weaker than the single cluster model. A plot of unconfined compressional strength (UCS) versus model porosity (Figure 3b) indicates that there is a rough correlation of increasing strength with decreasing porosity. Note that there are two significantly high porosity models with very low strengths (circled). Models with similar porosity show a very distinct difference in failure strengths. This disparity is due to the presence of the stronger clusters in the models. Yet, a plot of UCS versus standard deviation of CN indicates a good correlation between the variability in number of contacts per particle and the resulting compressional strength. This indicates that the standard deviation of CN could be a measure of "weak" contacts.
Discussion:
The simulation results indicate that particle packing in discrete assemblies is significant factor in mechanical behavior. Different packings may cause extremely different behaviors albeit with identical contact parameters. A useful approach for identifying packing differences and similarities is examining contact forces and coordination numbers. Even though particle shape and size (clusters) should have a first order influence on the compressional strength of a given model; variables such as porosity, that simply result from isotropic stress reduction algorithms, can contribute to significant strength reductions in discrete assemblies. Compressional strength is not the only material property significantly influenced by packing of these assemblies. Ongoing analysis of our simulations suggest that elastic parameters (Young's Modulus and Poisson's Ratio), tensile strength, and strain localization are also significantly influenced. Normal contact forces and coordination numbers for different packing schemes of the peanut shaped cluster. Normal contact forces for the depositional model are much more oriented towards the depositional loading direction than the rather isotropic fill and expand packing. The coordination numbers for the two models vary quite starkly. The maximum coordination number for the depositional model is colored white with a value of 7 and the darker the color gets the fewer number of contacts a particle has. Coordination numbers for the fill and expand model are overall much less than the depositional model In general the single cluster models are the weakest and the box shaped models are the strongest. b) Porosity differences in the models arise from particle packing and subsequent radii changes due to the use of stress reduction algorithms. In general there is a slight trend in increasing strength with decreasing porosity, but this is over printed by the presence of clusters. c) The standard deviation of coordination numbers is well correlated with UCS. Models with high porosity tend to fall off this trend. High standard deviations indicate a higher percentage of "weak" contacts that can fail at lower stresses than the surrounding particles. 
